ABSTRACT: The Hungaria asteroid group is located interior to the main asteroid belt, with semimajor axes between 1.8 and 2 AU, low eccentricities and inclinations of 16-35 degrees. Recently, it has been proposed that Hungaria asteroids are a secularly declining population that may be related to the Late Heavy Bombardment (LHB) impactors (Ćuk, 2012; Bottke et al., 2012) .
Introduction
Hungarias are a dynamical group of asteroids interior to the asteroid belt but exterior to the orbit of Mars (in the 1.8-2 AU range). Most stable Hungarias have high inclinations (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) • ) and low eccentricities (< 0.1).
Hungarias are bracketed in inclination by multiple secular resonances, and are separated from the main asteroid belt by the ν 6 secular resonance and the 4:1 mean-motion resonance with Jupiter. Hungarias have a less welldefined inner boundary that is being enforced by close encounters with Mars (Warner et al., 2009; Milani et al., 2010) . While they all inhabit the same island of relative dynamical stability, Hungarias are not compositionally uniform, with most common asteroid types being S and E (Warner et al., 2009; Lucas et al., 2017) . A significant fraction of Hungarias belong to an E-type genetic family centered on 434 Hungaria (Warner et al., 2009) , which has been proposed as the main source of aubrite meteorites (Gaffey et al., 1992; Cuk et al., 2014) .
Unlike the asteroids in the main belt, Hungarias are thought not to be stable over the age of the Solar System, but are constantly escaping into the Mars-crossing region (Milani et al., 2010; McEachern et al., 2010) . The present-day reverse evolution of Mars-crossers into Hungarias has been found insufficient for replenishing the Hungaria population (McEachern et al., 2010) .
The implication is that the proto-Hungarias were orders of magnitude more numerous in the early Solar System, and may have been the main source of the Late Heavy Bombardment (Ćuk, 2012; Bottke et al., 2012) . Hungarias are proposed to be depleted remnants of primordial Mars-crossers (Ćuk, 2012) , or survivors from the extinct innermost part of main asteroid belt perturbed by late planetary migration (Bottke et al., 2012) . Ćuk (2012) showed that a primordial population consisting solely from Mars-crossers can
give rise to a quasi-stable Hungaria-like population, which eventually has a half-life of 600 Myr. Bottke et al. (2012) started with an initially dynamically cold "E-belt" that was perturbed by late giant planet migration, but the end results was similar in terms of creating quasi-stable Hungarias that slowly declined over next few Gyr (Nesvorný et al., 2017) .
Given that the idea of a exponentially declining Hungaria population is established in the literature based on modeling of synthetic bodies, we wanted to test this concept on real asteroids. Previously, Migliorini et al. (1998) have reported a 960-Myr half-life for largest Hungarias, which may be significantly different fromĆuk (2012) prediction of 600 Myr, while Galiazzo and Schwarz (2014) found 5% loss over 100 Myr, implying half-life beyond 1 Gyr. Additionally, it would be very interesting to determine if there is a difference in dynamical stability between different spectroscopic types of Hungarias.
Currently, 80% of background Hungarias (i.e. excluding the E-type family centered on 434 Hungaria) are S-type asteroids (Lucas et al., 2017) . While the E-type Hungarias are very likely enstatite achondrites (i.e., aubrites Gaffey et al., 1992; Ćuk et al., 2014) , S-type Hungarias have been suggested to contain more primitive achondrites than ordinary chondrites than the main-belt S-type asteroids (Lucas et al., 2017) . Additionally, some of the few rare A-type (olivine-rich) asteroids are found among Hungarias. Different dynamical half-lives may indicate that the some of the spectral types may have been more of less common in the past, with implications for the primordial distribution of small bodies in the Solar System.
Billion-Year Numerical Experiments
Before moving on to purely gravitational dynamics of Hungarias, we must address the radiative Yarkovsky and YORP effects (Rubincam, 1995 (Rubincam, , 2000 Bottke et al., 2006, and references therein) . Because none of the Hungarias are very large, almost all of them should experience some semimajor axis mobility due to the Yarkovsky effect, which is dependent on the objects' rotations, which are themselves affected by the YORP effect. An ideal simulation of Hungarias' stability would (in addition to perturbations from all eight planets) include Yarkovsky and YORP effects and close approaches with Mars (when needed). Another requirement is more subtle:
we need all of the particles to interact with planets on the same orbits. Integrators such as swift-rmvs3 (and its Yarkovsky variant, swift-rmvsy; Levison and Duncan, 1994; Brož, 2006) which are both efficient and handle close encounters between planets and test particles well, have a peculiarity that the evolution of planetary orbits depends on the motion of otherwise massless particles. This is because the special handling of close approaches introduces time-step changes, the timing of which depends on what the test particles are doing. A large set of Hungarias (and their clones) would need to be integrated on many CPUs, and given the serial nature of swift (constrained by the nature of a n-body problem) every node would in practice integrate a different version of the planetary system. Our integrations are not optimized to follow planetary orbits as precisely as possible, but even state-of-the-art numerical experiments cannot predict planetary orbits more than 50-60 Myr in the future (Laskar et al., 2011a,b) . On the other hand, swift-rmvs4, while not including Yarkovsky effect, is designed to integrate close approaches without having the test particles affect planetary orbits in any way, so that all nodes will experience the same planetary system. A more primitive symplectic integrator simpl that one of the authors (M.Ć.) used iń Cuk et al. (2015) can include arbitrary forces like the Yarkovsky effect, but does not include close encounters, which makes it unsuited to this study but also happens to eliminate the problem of planetary divergence.
In order to be able control for the evolution of planetary orbits, we have decided to primarily use swift-rmvs4 for our numerical experiments. We wanted to retain the ability to accurately integrate close approaches with Mars, and decided that the accurate treatment of the Yarkovsky effect is not important to the same degree. To partially account for the Yarkovsky-related semimajor axis drift, we cloned each body 21 times (including the nominal orbit) and spread the clones within the range of semimajor axis expected from Yarkovsky drift in 100 Myr, using estimates based on Bottke et al. (2006) ( Table 1) . We generally find little correlation between fates of neighboring particles so we do not think that Yarkovsky-driven semimajor axis spreading is a major effect on the stability of largest Hungarias on the sub-Gyr timescale.
The importance of variations in Martian eccentricity for the stability of Hungarias was first indicated by inconsistent results we were getting for their stability when using slightly different initial conditions or different integrators. Ever since Laskar (1994) it was known that Martian eccentricity can experience large variation over the age of the Solar System, andĆuk et al.
(2015) recently found a major effect of the variation in Martian eccentricity on the dynamics of Mars Trojans. This suggested that we may need to separately explore Hungarias' stability in different "parallel Solar systems"
with different histories of Martian eccentricity. We first set up ten different simulations of the planetary system alone using swift-rmvs4, with identical initial conditions 1 , except that in each next integration (starting with the second) Mercury was 10 −7 AU further from the Sun in the x-direction.
After 1 Gyr, we compared the behavior of Martian eccentricity in all ten simulations, and chose two of them as initial conditions for our two cases of Hungaria stability, which we will term high and low ( Fig. 1 ).
We then ran 1 Gyr simulations of the clones of 14 different, mostly brightest, Hungarias (Table 1; we also included 5639 Cuk as a less stable case).
We ran the same 21 initial conditions in both the high and low Martian eccentricity histories. As Table 1 and Fig. 2 , there is a substantial difference between the number of surviving clones between high and low histories (which differ only in Mercury's initial position but have the same starting vectors for Hungaria clones). The difference is largest for 1509 Esclangona and 5639 Cuk, but it is also pronounced for six other Hungarias ( Table 1 ).
The remaining cases appear more stable, but that does not rule out instability for even higher values of Martian eccentricity.
A clear implication of this numerical experiment is that we cannot assign a stability timescale to Hungarias as a group without specifying the future behavior of the Martian eccentricity on Gyr timescales. Since we cannot know the future evolution of inner planets' orbits on Gyr timescale with any confidence (Laskar et al., 2011a,b) , there cannot be a single number quantifying dynamical lifetime for most Hungarias. We will address some questions of relevant dynamical mechanisms in the next Section, and discuss implications for the origin of Hungarias in the final Section.
The Dynamical Mechanism of Mars-Hungaria Connection
Our finding that Martian eccentricity affects Hungarias leads to an obvious question: are Hungarias being excited secularly by a more eccentric Mars, or do the larger aphelion distances of an eccentric Mars allow for close en-counters with asteroids which were out of Mars's reach when the planet had lower eccentricity? Long-term increase in Martian eccentricity happens due to the slow increase of power in the g 4 eigenmode of the planetary system (Murray and Dermott, 1999) . Is it possible that this strengthening of g 4 also affects Hungarias, making them also more eccentric and less stable?
We attempted to address this issue without having to construct a full secular model of Hungarias' eigenmodes, by empirically comparing the behavior of clones in the high and low simulations. However, to be sure we are measuring only secular effects, we had to exclude clones that had close encounters with Mars (which are logged by swift). We therefore focused on objects that had most clones without any close encounters in either high or Gyr, as the current low eccentricity (e = 0.03) appears to be ephemeral.
Large changes in eccentricity also lead to larger absolute variations between low and high simulations, without a necessarily meaningful trend. While we may be missing some of the secular effects by excluding the clones that become eccentric enough to experience close encounters, we can say that this is not a large systematic effect common to all Hungarias. This is in contrast with Mars Trojans, which seem to have significant components of their eccentricity forced by Mars (Ćuk et al., 2015) . We therefore conclude that the likely mechanism by which Mars interacts with the Hungarias is primarily through close encounters, which is consistent with our qualitative inspection of the orbital histories of unstable clones.
As we think that close encounters are a primary mechanism by which a more eccentric Mars destabilizes Hungarias, one possible implication would be that a Hungaria's stability against Martian encounters is determined only by the asteroid's perihelion distance. It that were true, we would only need to determine a Hungaria's minimum perihelion distance in a (relatively) shortterm numerical simulation, and that would give us a direct measure of its susceptibility to destabilization by Mars. In other words, as Mars becomes more eccentric in our high simulation, this simple picture would require Hungarias to become destabilized in ascending order of their perihelion distances. Results of Milani et al. (2010) plotted in their Fig. 11 indicate that Esclangona may be affected by g − s − g 5 + s 6 secular resonance; the anti-2 Hungarias do not start encountering Mars immediately when there is a formal overlap in heliocentric distance; this is because inclined Hungarias tend to experience maximum eccentricity when the longitude of perihelion is perpendicular the line of nodes (Kozai, 1962) . correlated behavior of its eccentricity and inclination is consistent with that hypothesis. Large number of different (relatively weak) secular and meanmotion resonances in the Hungaria region (Warner et al., 2009; Milani et al., 2010; McEachern et al., 2010) make it hard to estimate a Hungaria's stability without a detailed examination. Once we introduce the Yarkovsky effect, it becomes even harder to predict the future behavior of any Hungaria without doing a long term integration involving multiple clones, and even then we can only expect probabilistic results. However, we can still make some conclusions about the dynamics of Hungarias as a group, which is the topic of the final section.
To summarize the results of this section, we found that Martian eccentricity does not directly affect the secular behavior of the Hungarias, leaving close encounters as the main mechanism of Hungaria-Mars interaction. Therefore, the larger aphelion distance of Mars in the high simulation is the main driver of addition destabilization of Hungarias. We also find that some Hungarias are apparently affected by secular resonances and near-resonances (in agreement with Milani et al., 2010) , which make it hard to predict those Hungarias' Gyr-scale stablity from their orbits integrated over Myr scales. There is no contradiction between these findings, as relevant secular resonances in the Hungaria region do not involve Mars's main eccentricity eigenmode g4 (Fig. 11 in Milani et al., 2010) and are therefore expected to have the same effect in high and low simulations.
The results of our 1 Gyr simulations show that the Hungaria stability is sensitively dependent on Martian eccentricity, which is itself strongly affected by the long-term planetary chaos. We find that Hungarias do not have a dynamical half-life that can be separated from the behavior of Martian eccentricity. This is different from the view proposed byĆuk (2012) to be much less chaotic than in the real Solar System. In any case, it appears that the dynamics of Hungarias is more complex than was thought before, which complicates the estimates of proto-Hungaria population at the time of LHB that is central to the models ofĆuk (2012) and Bottke et al. (2012) .
Beyond the dependence on Martian eccentricity, our sample of Hungarias is more stable than those produces byĆuk (2012) and Bottke et al. (2012) , as the overall half-life is significantly longer than 1 Gyr. To assess how "typical" our two histories are, we need to consult results of Laskar (2008) , who calculated probabilities of planets reaching different eccentricities and inclinations over different periods of time. Laskar (2008) find that Mars has the probability of about 30% to reach the eccentricity of 0.15 in 1 Gyr. Since the highest eccentricity Mars reached in any of our 10 planetary simulations is 0.142 (in the simulation that was chosen as the high case), it appears that our simulations somewhat underestimated the high end of Martian eccentricity variation. One possible contributing factor may be that our integrations do not include the effects of General Relativity on the orbit of Mercury, which are known to be important for the long-term chaos among the inner planets (Laskar, 2008) . Inclusion of General Relativity lowers the long-term eccentricity of Mercury, and the eccentricities of Mercury of Mars are known to be anti-correlated on long timescales (Laskar, 1994) . Therefore we cannot claim that relatively high stability of some Hungarias in our high simulation indicates that they would be as stable in the real Solar System over 4.5 Gyr.
Another possibility for explaining the relatively long stability timescales of our Hungaria clones relative to test particles used byĆuk (2012) and Bottke et al. (2012) is that the destabilization of Hungarias is not a simple exponential decay. Minton and Malhotra (2010) have found that real Solar System populations have long-lived "tails", as remaining bodies tend to be in very stable dynamical islands. This is an interesting possibility that needs to be investigated, but it does not contradict our conclusion that the observed population of Hungarias is not a direct and unequivocal indicator of a large primordial population envisaged byĆuk (2012) and Bottke et al. (2012) .
Even within our small sample, it appears that both S and E/X aster-oid types contain both very stable and relatively unstable representatives among Hungarias. While a larger sample may be able to reveal more subtle trends in the stability of different spectral classes, we find no evidence so far of connection between dynamics and physical properties among largest Hungarias.
Taking a longer-term view, according to Laskar (2008) Mars has 50% chance of reaching eccentricity of 0.16 over 5 Gyr. So the fact that some Hungarias are currently safely outside of Mars's reach does not imply that that has always been the case. Therefore, it is still possible that Hungarias have been planted into their present orbits by past close encounters with Mars, as suggested byĆuk (2012) and Bottke et al. (2012) . In that case, it appears likely that the eccentricity of Mars may have been higher in the early Solar System than it is now. This may have led to at least somewhat non-uniform decrease of impact on the Moon and terrestrial planets during the so-called LHB, assuming that the proto-Hungarias were a major source of the impactor flux. However, the fact that it is impossible to uniquely reconstruct the past population of Hungarias (as it is a stochastic problem) opens the possibility for the rival hypothesis that Hungarias were planted in their present orbits by precesses other than Martian encounters. For example, processes thought to have placed main belt asteroids onto their present orbits include now-extinct planetary embryos and/or dramatic planetary migration (Morbidelli et al., 2015) . If the Hungarias were placed onto their orbits the same way as the main-belt asteroids, the Hungarias did not descend from a massive early population of Mars-crossers. In that case, past population of Hungarias was likely less numerous and more stable thanĆuk (2012) and Bottke et al. (2012) that Hungarias are similar to main-belt asteroids in being broadly stable, rather than being a true metastable remnant of terrestrial planet formation.
The above discussion ignores the non-gravitational Yarkovsky effect, which is relevant when discussing the present population of Hungarias, all of which are definitely below 20 km in diameter. It is possible that Yarkovsky can "scramble" the orbital distribution of Hungarias so that some less stable ones become more stable and vice versa. However, since the Yarkovsky effect is essentially random (and should vary over time due to the YORP effect) there is no reason to think that the dynamical characteristics of the whole Hungaria population will be irreversibly altered only through the Yarkovsky effect. Only extensive future numerical simulations that fully include both planetary chaos and the Yarkovsky effect will be able to resolve these issues. Table 1 ), were the same in the high and low simulations, and the two cases differed only by planetary initial conditions. Figure 3: Difference between the average eccentricity of the clones in high and low simulations for four relatively stable Hungarias: 424 Hungaria (solid line), 1019 Strackea (long dashes), 1453 Fennia (short dashes), 3266 Bernardus (dotted line) and 5806 Archieroy (dash-dot line). Only clones that did not experience any close encounters in either high or low simulation were included into the average, and the above-listed asteroids had 17, 20, 19, 15 and 21 such zero-encounter clones, respectively. These results suggest that there is no large systematic eccentricity difference between clones in high and low simulation for different Hungarias, at least in the cases when the clones are only affected by secular planetary perturbations. 
